The corrosion behaviour of magnesium in chloride-containing aqueous environment was investigated by potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) performed simultaneously with real-time hydrogen evolution measurements and optical imaging of the corroding surface. The potentiodynamic investigation revealed substantial deviations from linearity in close proximity of the corrosion potential. In particular, differences in the slope of the current/potential curves were observed for small polarizations above or below the corrosion potential. These observations, suggest that the usual method based on the use of the Stern-Geary equation to convert a value of resistance into a value of corrosion current is inadequate. Nonetheless, a very good correlation between values of resistances estimated by EIS and corrosion currents obtained from real-time hydrogen measurement was found. Real-time hydrogen measurement also enabled, for the first time, direct measurement of an 'apparent' Stern-Geary coefficient for magnesium. In order to rationalize the complex behaviours experimentally observed, an electrical model for the corroding magnesium surface is presented.
Introduction
The electrochemical behaviour of magnesium is relevant for a variety of applications including lightweight structures, where it determines the corrosion resistance [1] [2] [3] , batteries and sacrificial anodes where it determines efficiency [4] [5] [6] [7] , and surgical implants, where it determines the rate at which the implant disappears within the human body [8, 9] . The electrochemical behaviour of magnesium in aqueous environment, however, is relatively complex compared to other light metals such as aluminium or titanium. Similar to magnesium, aluminium and titanium have a large driving force for oxide formation but, unlike magnesium, the formation of a protective oxide/hydroxide layer hinders corrosion. Mg and Mg-alloys have a large thermodynamic driving force for oxide formation, since the equilibrium potential for magnesium oxidation is À2.37 V vs. SHE, but magnesium oxide/hydroxide is relatively soluble in near-neutral and acidic environment, and relatively insoluble in alkaline environment [10] . During corrosion, the increase in pH associated with hydrogen evolution stabilizes to some extent the oxide/hydroxide film.
In addition to the behaviour of the oxide, magnesium exhibits the so called 'negative difference effect' (NDE). In simple terms, the NDE relates to the increase in hydrogen evolution experimentally observed during anodic polarization and it is contrary to what would be predicted by electrochemical theory. The first interpretation of the NDE [11] [12] [13] assumes that unipolar magnesium ions are generated during anodic polarization. Once detached from the metal electrode, the unipolar magnesium ions oxidize further and reduce water, producing hydrogen gas and hydroxide ions. Thus, the NDE is considered the consequence of the increased oxidation rate of magnesium during anodic polarization that results in an increase in hydrogen evolution rate. This argument is indirectly supported by the observation that, for a value of applied anodic charge, the hydrogen evolved and the metal oxidized are in excess to those predicted by Faraday's law assuming that magnesium oxidizes in a single step to Mg 2+ . The second interpretation of the NDE does not require assuming the existence of unipolar magnesium, and attributes the NDE to an increased cathodic activity of the magnesium surface during anodic polarization. Based the reported results from various independent approaches and on own work [14] [15] [16] [17] [18] [19] [20] , the Authors' view is that the increase in the rate of hydrogen evolution during anodic polarization is due to an increase in the cathodic activity of the regions that have undergone corrosion. Thus, by anodic polarization, corrosion propagates faster than at the free corrosion potential, generating regions with enhanced cathodic activity. The propagation of such cathodically active regions is responsible for the observed increase in hydrogen evolution during anodic polarization. Regardless of the mechanism, since the oxidation of a magnesium atom results in the generation of an hydrogen molecule, the corrosion rate of magnesium can be estimated by the hydrogen collection method [15, 16, 18, 19, [21] [22] [23] [24] .
Regardless of the exact nature of the NDE, the correlation between the data obtained by electrochemical measurement and corrosion rate requires attention, since the electrochemical response of magnesium is more complex than that observed on most other metals. Specifically, the behaviour of magnesium deviates substantially from Tafel-type kinetic due to the presence of an oxide/hydroxide layer [25] which controls the corrosion rate and due to the propagation of the cathodically active regions during anodic polarization [15, [17] [18] [19] 21, 26] . As a consequence, extrapolation of the corrosion rates from potentiodynamic polarization curves is questionable. For similar reasons, values of resistance estimated by EIS must be used with caution, since the use of the Stern-Geary relationship is not, strictly speaking, correct.
Whereas the cathodic Tafel coefficient is generally easily obtained [21, 23] , the determination of the anodic Tafel coefficient is not trivial. This arises from the fact that a magnesium electrode can sustain very high anodic current with minimal anodic polarization. Such high currents are accompanied by substantial hydrogen evolution and local alkalinisation, producing a large Ohmic drop in proximity of the electrode surface. Even assuming that the anodic reaction follows Tafel behaviour, it is difficult to estimate the anodic Tafel coefficient from polarization curves not corrected for the IR drop. However, reliable correction of the IR drop is not easy, since the solution resistance (strongly affected by the presence of hydrogen bubbles) in proximity of the electrode is most likely dependent on the applied potential [17] . Generally, a well-defined and reliable linear anodic region in the Evans diagrams is not readily observed. In addition to the above issues, during impedance measurement, an inductive behaviour at the low-frequency end of the impedance spectrum is generally observed [11, 21, 27, 28] . The physical interpretation of inductive behaviour associated to electrochemical processes is non-trivial, and that is probably the reason why this inductive behaviour is often neglected.
Apart from these 'electrical' complications, there are issues related to the practicalities during corrosion testing that might contribute to significant variations in the final result. The first issue arises from the fact that magnesium corrosion results in alkalinisation of the environment and consequent decrease in the aggressiveness of the environment if the experiment is performed in a fixed volume of electrolyte. Considering that both hydrogen measurement with the traditional method of observing visually the amount of hydrogen collected in a graduated cylinder initially filled with electrolyte and weight loss measurements require relatively long times (at least hours), it is most likely that significant differences in the environment develop during the test. As a result, the data obtained for different volumes of electrolytes and possibly different geometries of the corrosion cell might not be directly comparable.
In addition to the above, it is well known that during the early stages of corrosion the appearance of a magnesium electrode changes substantially from silvery to dark as corrosion proceeds [15, [17] [18] [19] 21, 26] . It has been shown that such variation in appearance results in a significant difference in the cathodic potentiodynamic response, but does not produce an equally large variation in the anodic potentiodynamic response [17] . For this reason, the surface conditions prior to polarization initiation should be reported otherwise it is difficult to considered comparable the result presented in works investigating the corrosion rate on magnesium by potentiodynamic polarization [22, 26, 29, 30] . The potential at which the polarization is initiated also has a substantial effect on the estimated corrosion rate. Specifically, considering that magnesium is more passive at high pH, when the polarization is initiated well below the corrosion potential, alkalinisation in proximity of the electrode occurs and the corrosion rate from potentiodynamic polarization is significantly underestimated [17] . On the other hand, simultaneous measurement of the cathodic potentiodynamic polarization response and hydrogen evolution, indicated that extrapolation of the linear part of the cathodic polarization curve to the open circuit potential provides a relatively accurate estimation of the corrosion current, provided that the cathodic potentiodynamic polarization is initiated at the corrosion potential [17, 31] .
Recently, King et al. [21] have investigated in detail the correlation between impedance measurements and corrosion rate by complementing the impedance data with weight loss and hydrogen measurement. In order to fit the impedance spectra, they used a circuit comprising an inductive part and found good correlation between the zero-frequency values of the total impedance and the corrosion rate measured by weight loss and hydrogen measurement (the term zero-frequency resistance denotes in this work the equivalent resistance at zero frequency of the circuit used for the fitting of the experimental data, i.e. calculating the equivalent resistance of the circuit considering all capacitor as open circuits and all inductors as short-circuits). In order to convert the value of the zero frequency resistance into a corrosion rate, they used anodic and cathodic Tafel coefficient obtained from the literature. For the Tafel coefficients they selected, they found that it was necessary to account for the inductive behaviour in order to obtain correct values of corrosion rate.
The purpose of the present work is to provide further advances in the understanding of the relationship between the electrochemical response and the corrosion phenomena on the magnesium surface. In order to evaluate the electrical response within potential ranges representative of those probed during impedance measurements, the potentiodynamic polarization behaviour in proximity of the free corrosion potential was investigated. Subsequently, a series of impedance measurement were undertaken during free corrosion whilst monitoring in real time the amount of hydrogen evolved from the corroding electrodes, to obtain instantaneous values of corrosion current. As a result, the correlation between the values of resistance obtained from impedance spectroscopy and the corrosion currents measured by hydrogen evolution could be disclosed by direct measurements. Finally, a model accounting for the DC and AC electrical response of a corroding magnesium electrode is presented.
Experimental
Magnesium electrodes were obtained from a cast ingot of pure magnesium (nominal composition 99.95 wt.% Mg, composition measured by optical emission spectroscopy: Zn: 0.003, Al: 0.006, Si: 0.005, Mn: 0.006, Fe: 0.003, Ca: 0.005, Pb: 0.001, Pr: 0.010, Nd: 0.010, wt/wt %) and cut into 1 cm 2 (for impedance measurements) or 2 cm 2 (for potentiodynamic polarization measurements) specimens. The magnesium specimens were connected to a copper wire and embedded in epoxy resin, such as the copper was not exposed to the test electrolyte. After polymerization of the resin, the electrodes were mechanically polished with silicon carbide paper of decreasing size, up to 4000 grit, in order to expose a fresh magnesium surface to the electrolyte.
In order to monitor the hydrogen evolution in real-time and obtain the time-evolution of the corrosion current, the apparatus schematically represented in Fig. 1a , and described in detail in [17] was used. A plastic cylinder, connected by a holder to the plate of a laboratory balance, was completely submerged in the test electrolyte and used to collect the hydrogen evolved from the corroding magnesium surface. The submerged cylinder was initially filled with electrolyte. Progressively, the hydrogen evolved from the magnesium electrode replaced the electrolyte within the submerged cylinder. As a result of the hydrostatic force due to the displacement of the electrolyte within the submerged container, a change in weight was recorded by the balance. From the time evolution of the hydrostatic force, the time evolution of the amount of hydrogen evolved could be calculated and, by Faraday's law, it was converted to the time evolution of the electrical charge associated to hydrogen evolution. Finally, by deriving the charge with respect to the time, the time evolution of the corrosion current was obtained. When two electrodes were used, the value of corrosion current estimated by hydrogen evolution was normalized by the area of both electrodes.
Simultaneously to electrochemical and hydrogen evolution measurements, the surface appearance of the corroding electrodes was recorded ( Fig. 1b ) by using a computer controlled microscope. In order to evaluate the area of the electrode surface that had undergone corrosion, the acquired images were binarized and the area of the corroded regions computed with an in-house developed Labview program. An example of a corroded surface and corresponding binary image is provided in Fig. 1b and c respectively.
Potentiodynamic polarizations were performed employing the usual 3 electrodes cell configuration at a sweep rate of 1 mV s À1 , with the magnesium specimen as working electrode, a commercial calomel electrode as reference electrode and a platinum foil as counter electrode, by using an Iviumstat potentiostat. In order to synchronize hydrogen measurement, image acquisition and potential-time history, the potential of the working electrode was also recorded by a multichannel analogue to digital converter (NI USB-6009), controlled by the same in-house developed Labview program that was used to control the recording of images and weight.
After preliminary testing, it was decided to perform impedance measurement by using a 'modified' two-electrode cell configuration. In practice, two nominally identical magnesium electrodes were connected to individual insulated copper wire and embedded together in a single mould by epoxy resin (Fig. 1b) . After polymerization and mechanical polishing, one of the two electrodes was connected to the Working and Reference 2 cables from the potentiostat, while the other electrode was connected to the Counter and Reference 1 cables. Thus, if considering only the electrical circuit comprising the potentiostat, the impedance was performed in a two-electrode cell configuration, where each of the two electrodes acted simultaneously as working electrode and as counter electrode for the other. However, in order to enable synchronization between hydrogen collection and imaging of the surface and electrochemical measurement, a calomel reference electrode was added into the cell and the potential of each individual magnesium electrode was recorded by the NI USB-6009 controlled by the same software that acquired the electrode images and the hydrogen weight. Thus, although the EIS measurement was performed in a 2 electrode configuration, a third reference electrode was placed in the cell and the potential of each individual electrode was recorded. The two-electrode configuration for impedance measurement was preferred to the more traditional 3 electrodes configuration in order to ensure that the amount of hydrogen collected was directly proportional to the metal oxidized. If hydrogen is collected only from one magnesium working electrode (and not from the counter electrode), during the cathodic half-cycle, the hydrogen evolved from the magnesium working electrode surface does not directly correlate with the amount of magnesium oxidized, because the anodic reaction occurs on the counter electrode. By using a two identical electrodes configuration for the impedance measurement, and by collecting the hydrogen from both magnesium electrodes, it is immediately evident that the cathodic current on one electrode (resulting in hydrogen evolution) is necessarily associated with an identical anodic current on the other electrode (magnesium oxidation). Thus, collecting hydrogen during impedance measurements from both identical magnesium electrodes ensures that the amount hydrogen collected directly correlates with the amount of magnesium oxidized and, hence, with the corrosion rate. Additionally, by using the electrode configuration described, the corrosion potential of the electrode pair is free to vary with time, and therefore performing a series of impedance measurement does not modify the natural evolution of the potential-time transient observed for magnesium in the early stages after immersion. Although stationarity of the corrosion process is theoretically required to for reliable impedance measurement, the direct measurement of corrosion current revealed that stationarity was rarely attained (the corrosion current generally in increased with time). Thus, it was deliberately decided to acquire impedance spectra sequentially (in the frequency range 100 kHz to 5 mHz and with a 10 mV amplitude, regardless that the average potential or the corrosion current had attained a steady value.
Results

Potentiodynamic Polarization
Before considering the response measured during impedance measurements, it is useful to analyse the potentiodynamic polarization response in proximity of the free corrosion potential, for polarizations of the same order of those applied during electrochemical impedance spectroscopy (i.e. 10 mV). It is worth recalling that, immediately after immersion in the aggressive electrolyte, the magnesium surface displays a silvery appearance but, as corrosion initiates, the air-formed oxide/hydroxide layer is progressively converted in a dark layer of corrosion products. The regions of the electrode where the air-formed film has been converted into a dark film of corrosion products are referred to as 'dark regions' in this work (Fig. 1b) .
The typical potentiodynamic polarization results obtained in 3.5% NaCl, starting the polarization from the free corrosion potential, are presented in Fig. 2 . The designation 'Mostly Silvery' refers to a magnesium electrode that displayed less than 5% of the total surface covered by the dark regions (immersed for approximately 900 s in 3.5% NaCl) at the beginning of the potentiodynamic polarization, whereas the designation 'Dark' indicates an electrode that has been immersed in the electrolyte for sufficiently long time (or anodically polarized) such as its surface appeared completely covered by dark corrosion products.
From Fig. 2a , it is evident that the completely black electrode displayed a relatively well-defined linear relationship, with polarization resistance in the region of 22-25 V cm 2 , since the anodic and cathodic polarization curves had similar slopes. Conversely, for a mostly silvery electrode, the anodic behaviour was different from the cathodic behaviour, with the absolute value of current increasing more markedly for a given value of anodic polarization that for the same value of cathodic polarization. Consequently, the terms 'anodic polarization resistance' and 'cathodic polarization resistance' are used here to indicate the reciprocal of the slope of the current density vs. potential curves (in proximity of the corrosion potential) recorded during anodic and cathodic polarization respectively. The mostly silvery electrodes displayed an anodic polarization resistance of 41 V cm 2 , and a cathodic polarization resistance approximately five times higher (221 V cm 2 ). The starting point of the cathodic polarization is critical in determining the behaviour in proximity of the corrosion potential. If the potentiodynamic polarization on a completely dark electrode is initiated well below the open circuit potential ( Fig. 2b , data from [17] ), the asymmetry between the anodic and cathodic behaviour observed for the mostly silvery electrodes is observed also for the completely dark electrode. It should be stressed that such significant deviations from linear behaviour are observed in the same potential range (10 mV above or below the corrosion potential) that is probed during impedance measurements. The overall potentiodynamic polarization behaviour for mostly silvery and dark electrodes is presented in Fig. 2c . It is evident that during anodic polarization, mostly silvery and dark electrodes display similar behaviours, whereas during cathodic polarization, dark electrodes sustain significantly higher currents.
In order to gain further insight, the behaviour during a series of cathodic polarizations separated by 1 h 30 min of free corrosion a was investigated. The potential-time regime applied to the magnesium electrode immersed in 3.5% NaCl solution is presented in Fig. 3a , with the corresponding time evolution of the area fraction of the electrode covered by dark regions, presented in presented images was acquired before the corresponding cathodic polarization. It is immediately observed that the propagation of the dark regions was substantially delayed compared to the freelycorroding case by the repeated application of cathodic polarization. Further, corrosion only propagated during the stage of free corrosion, while during cathodic polarization only abundant hydrogen evolution was observed. Interestingly, it was noted that, after cathodic polarization, corrosion did not propagate from the previously active propagation front, but re-initiated at a new locations ( Fig. 3c ). Fig. 4 presents the electrochemical response measured during the series of cathodic polarizations of Fig. 3a . In Fig. 4a , the cathodic response is plotted in linear scale, for variations of potential similar to those experienced during electrochemical impedance spectroscopy. For clarity, the curves have been arbitrarily translated on the potential axis. It is evident that a significant change in the slope of the cathodic polarization curves was observed within the first 2-6 mV below the free corrosion potential. Generally, two regimes were found during cathodic polarization; a first regime, close to the corrosion potential displayed comparatively low apparent cathodic polarization resistance, and a second regime, for larger polarizations, with comparatively higher apparent cathodic polarization resistance. The difference between the first and the second regime in terms of apparent resistance decreased as the corrosion process progressed and the area of the dark regions on the electrode surface increased. Examination of selected cathodic potentiodynamic curves plotted in logarithmic scale (Fig. 4b ) provides further insight. With the progression of the corrosion process, the curves shifted towards higher current densities, but displayed similar cathodic Tafel coefficients of about 0.331 V. The values of the cathodic Tafel coefficients measured here in good agreement with the literature [21, 23] .
Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy, coupled with real time hydrogen evolution measurements was performed in order to gain further insight into the correlation between electrochemical measurements and corrosion rates. The experiments were performed by using two nominally identical magnesium electrodes mounted in resin as described previously. Fig. 5 presents the time evolution of a) the individual electrodes potential, b) the corrosion current measured by the hydrogen collection method and c) the fraction of the electrode surface covered by dark regions. In order to evaluate the values of corrosion current associated with each impedance measurement, the value of corrosion current obtained from hydrogen evolution measurement at the time corresponding to the end of each impedance measurement was taken. The procedure is graphically illustrated by the dashed lines in Fig. 5 .
The corrosion current measured by hydrogen evolution for nominally identical experimental conditions displayed relatively large variations. Fig. 6 presents the time evolution of the corrosion current for three repeated hydrogen-EIS measurements 3.5% NaCl and two repeated hydrogen-EIS measurements in 0.35% NaCl. The observed variations in the current-time behaviour are attributed to the statistical nature of the corrosion process and to the relatively small electrode size. On a small electrode, the propagation of an active corrosion site could be interrupted by resin at the edges. Consequently, the location where corrosion initiated and the direction of propagation (which are both random) can have a relatively large effect on the overall corrosion rate, depending on whether the corrosion front is free to propagate or it is stopped by the resin at the edge of the electrode and corrosion is forced to initiate at a new location. As a result of the variations in the current-time behaviour, significant variations in the values of impedance measured under similar conditions were observed. However, the general appearance of the impedance spectra was similar. Typical time series of impedance spectra recorded for high and low concentration of sodium chloride are presented in Fig. 7a and b respectively.
At high frequency, the solution resistance effects dominated, at medium-high frequencies a region of mainly capacitive behaviour, followed by a medium frequency plateau was observed. As expected, the solution resistance was higher in the less concentrated electrolyte. At low frequencies, a reduction in impedance modulus and a corresponding positive phase shift, associated to the inductive behaviour, was revealed. Generally, with increasing immersion time, the modulus of the impedance decreased. The inductive behaviour at the low-frequency end of the spectra was more visible for the measurement performed in the more concentrated NaCl solution.
The impedance spectra were fitted with the circuit, proposed in [21] and reported in Fig. 8a , in order to extract the values of resistances that could be used to estimate the corrosion rate. As discussed in more detail later, C ox and C dl account for the capacitance of oxide/hydroxide layers and charge separation at the locations where hydrogen evolution takes place. R a and R cp represent the resistances associated to local environmental changes (precipitation of gels, presence of bubbles) nearby the anodic and cathodic regions. Finally, L a accounts for the variation of the extension of active anodic regions during the sinusoidal polarization and R CT accounts for the charge transfer resistance associated to the reaction of hydrogen evolution. Typical fitting results are compared to the experimental data in Fig. 8b and c. Generally, the simulated and experimental impedance spectra were closely similar, except for the first spectrum of the series where some significant discrepancies between the simulated and the experimental spectrum were occasionally observed. This is likely to be the consequence of the rapid evolution of the magnesium surface during the early stages of immersion, resulting in a corroding system that is far from being stationary. Tables 1 and  2 present the numerical results of the fitting procedure. Fig. 9 illustrates the relationship between the corrosion current directly measured by hydrogen evolution and the reciprocal of a) the zerofrequency resistance (R A in parallel with the series of R CP and R CT ), b) the series of R CP and R CT and c) R CT alone. It is evident that a linear relationship between corrosion current and reciprocal of the resistance was observed, for all the three resistance values. The points representing the experimental data, however, appeared more scattered when the zero-frequency resistance was considered, compared to the case when the charge transfer resistance alone (R CT ) or the series between charge transfer (R CT ) and corrosion product (R CP ) resistance were used. It should be stressed that, even if the time evolution of the corrosion current and impedance spectra recorded under nominally identical conditionswas not well reproducible, the reciprocal of the resistance and the corrosion current were linearly correlated for all the experimental points. This observation suggests that the lack of reproducibility in the corrosion current is due to statistical variation in the corrosion process but the combined measurement of corrosion rate by impedance spectroscopy and hydrogen evolution is reliable. It is also important to emphasize that, regardless of the underlying kinetic of the electrochemical processes, a linear relationship between corrosion current and reciprocal of resistance is directly observed. Thus, although the potentiodynamic results indicate that the system does not follow a Tafel-type behaviour, the plots of Fig. 9 enable to extract directly values of 'apparent' Stern-Geary coefficient by considering that
Where i corr is the corrosion current density, B is the 'apparent' Stern-Geary coefficient, and R is the value of resistance obtained from fitting of the EIS spectra. Consequently, the apparent Stern-Geary coefficient can be directly estimated from the graphs of Fig. 9 , by considering the slope of the fitting lines
Clearly, depending on the resistance selected for the calculation, the 'apparent' Stern-Geary coefficient is different; for the zero-frequency impedance (R A in parallel with the series of R CP and R CT ) the apparent Stern-Geary coefficient was 116 mV, for the series between the charge transfer resistance and the corrosion product resistance it was 255 mV and for the charge transfer resistance alone it was 223 mV. Fig. 10 presents the correlation between the area fraction covered by the dark regions and the sum of the oxide capacitance and the double-layer capacitance (C OX + C DL ). Although the estimation of the area fraction is not as precise as the hydrogen evolution measurement, and the data points appear significantly more scattered compared to the previous datasets, a linear correlation between capacitance and area fraction is observed. 
Discussion
The potentiodynamic polarization measurements performed within a potential range similar to that used to acquire impedance spectra indicate that corroding magnesium electrodes display a complex behaviour even for very small polarizations above or below the free corrosion potential. In particular, the slope of the anodic polarization curve is, in most cases, significantly different form the slope of the cathodic polarization curve, as evident from Fig. 2 . Additionally, close scrutiny of the cathodic polarization behaviour, indicates that a variation in the slope of the curves is observed within the first few millivolt of cathodic polarization, with the apparent resistance being lower for small value of polarization (2-6 mV) and higher for larger values of polarization. These variations in apparent resistance over the potential window used for EIS indicate that the estimation of a zero-frequency value of impedance from fitting of impedance data is of little fundamental interest. In other words a single value of zerofrequency resistance is not capable of reproducing the complex behaviour of the magnesium electrode in proximity of the corrosion potential.
From a practical viewpoint, however, the correlation between the measured impedance spectra and the corrosion rate is of interest, since electrochemical impedance spectroscopy is a relatively non-destructive electrochemical test that can be used to investigate in real-time the corrosion rate. From the presented results, it is evident that there is a good correlation between the values of resistance estimated from EIS and the corrosion rate. Furthermore, the direct measurement of the corrosion current simultaneously with the impedance measurement enables to determine directly the proportionality coefficient that links the corrosion current with the various resistances estimated from EIS. It is found that, if the zerofrequency resistance is used, the points appear comparatively more scattered and the apparent Stern-Geary coefficient is significantly lower (approximately a factor of 2) compared to when the values of the R CP in series with R CT or R CT resistance alone are used.
Based on this experimental observation, it is necessary to speculate on the physical meaning of the apparent Stern-Geary coefficient, and of the Tafel coefficient of magnesium. The Stern-Geary coefficient is given by Table 1 Fitting results for the EIS measurements performed in 3.5% NaCl and corrosion current densities obtained from simultaneous measurement of hydrogen evolution. Table 2 Fitting results for the EIS measurement performed in 0.35% NaCl and corrosion current densities obtained from simultaneous measurement of hydrogen evolution.
Where b a and b c are the anodic and cathodic Tafel coefficients respectively. For the case of magnesium, the cathodic Tafel coefficient can be experimentally measured; by performing a cathodic polarization a well-defined linear region in the Evan's diagram is evident (Fig. 4b) . The measurement of the anodic coefficient is more difficult since magnesium oxidizes fast under anodic polarization and ohmic drop effects become soon dominant [17] . Such ohmic drop effects can be to some extent corrected during or after the measurement, but the correction is not particularly reliable mainly because the presence of bubbles due to copious hydrogen evolution and the formation of hydroxide and gels in proximity of the anodically polarized electrode due to pH increase. These phenomena might result in values of ohmic drop dependent on the applied potential and possibly on the previous polarization history. In this work, for the first time, values of apparent Stern-Geary coefficient were directly measured for magnesium, together with the cathodic Tafel coefficient. If the system could be described by a Tafel-type kinetic, in principle it should be possible to determine precisely the anodic Tafel coefficient for magnesium by using Eq. (3) with the experimentally measured values of B and b c . However this route proves to be unsuccessful since, in order to obtain a value of B = 116 mV (the lower among the three coefficient measured) with the measured value of b c (331 mV), a value of b a = 1400 mV is required. Such a high value of the anodic Tafel coefficient is clearly incorrect, since it would imply that the increase in current is less steep in the anodic direction compared to the cathodic direction. This is not the case either for non-IR drop corrected curves or for IR drop corrected curves (see for example Figure 3 in [21] ). For the other values of B experimentally measured in this work, negative values anodic Tafel coefficients are obtained from Eq. (3).
The above considerations are in agreement with the experimental observations during potentiodynamic polarization, disclosing a complex behaviour deviating substantially from linearity even for very small polarizations that cannot therefore be approximated by Tafel-type behaviour. Consequently, attempting to estimate the anodic Tafel coefficient proves unsuccessful. Even though the Stern-Geary coefficient cannot be directly estimated reliably from potentiodynamic polarization curves, however, the impedance response is well correlated to the corrosion rate by an 'apparent' Stern-Geary coefficient. The value of such coefficient depends on which resistances in the fitting circuit are selected. If the zero-frequency resistance is used B = 116 mV, if the charge transfer resistance is used B = 223 mV, if the series between charge transfer resistance and corrosion product resistance is taken, B = 253 mV.
Electrical model for the corroding magnesium surface.
Based on the experimental evidences gathered, an electrical model describing the electrochemical behaviour of the magnesium surface during corrosion can be proposed. During corrosion, the appearance of the electrode surface changes from silvery to dark as a result of the propagation of corrosion. Similarly to what suggested previously [32] the free corroding magnesium surface can be represented as in Fig. 11a . The schematic illustrates that corrosion propagates towards the silvery region by magnesium oxidation. Thus, the anodic corrosion front proceeds and, as a result of the air-formed film disruption, hydrogen evolution on the freshly exposed metal is possible due to the low corrosion potential. As a result of hydrogen evolution, the pH increases and either magnesium hydroxide precipitates or the oxide/ hydroxide film growing directly on the metal surface is stabilized. Regardless of the exact nature of the process involved, close to the corrosion front, the corrosion product layer must be relatively thin and, consequently, hydrogen evolution is abundant. Generally, substantially more intense hydrogen evolution is observed in proximity of the propagating corrosion front [14, 19] . On the other hand, far from the corrosion front, the corrosion product layer is thicker and less hydrogen evolution takes place. As a result, the corrosion front advances and the silvery regions supporting the air formed oxide are progressively converted into dark regions. Thus, there is a stage when the underlying metal is to some extent exposed to the electrolyte (or only partially covered by an oxide/ hydroxide layer) because the air-formed film has been disrupted; at this location, hydrogen evolution is favoured. Such hydrogen evolution increases the pH and this promotes the formation of a film that limits hydrogen evolution itself. The alloy composition and the presence of impurities and/or second phase particles might play a role in the modulating the properties of the growing corrosion product layer, but this aspect has not been investigated in detail here.
At the corrosion potential, the processes is controlled by the rate of the cathodic reaction of hydrogen evolution, since corrosion of magnesium is cathodically controlled, as evident from the potentiodynamic polarization curves. Thus, if the corrosion current is steady, the overall area of the anodic region is constant and determined by the cathodic reaction rate; consequently, the rate at which the air-formed film is attacked equals the rate at which the dark oxide advances in the same direction. Given that not all the dark surface equally supports the cathodic reaction (hydrogen bubbles are generally observed in proximity of the propagating corrosion front [14, 19] ) there is no direct correlation between the total area of the dark regions and the corrosion rate.
When an anodic polarization is applied (Fig. 11b ) additional electrons compared to those consumed by the cathodic reaction on the magnesium electrode are taken by the external circuit (or, equivalently, an anodic current is provided). Thus, the area of the anodic region is free to increase and the overall rate of corrosion propagation increases.
During cathodic polarization, electrons are injected into the corroding electrode (or, equivalently, a cathodic current is provided) and the rate of the cathodic reaction of hydrogen evolution increases whereas the rate of the anodic reaction decreases. As a result, the pH in proximity of the regions capable of supporting hydrogen evolution increases and the formation of the dark-corrosion products film proceeds faster than the attack of the silvery air-formed oxide. Thus, the area of the anodic region progressively decreases until it becomes negligible and corrosion does not propagate until the cathodic polarization is terminated. The effect of this process can be directly observed by considering the time evolution of the area of the dark regions during a series of cathodic polarizations separated by a period of free corrosion. The propagation of the dark regions does not occur during cathodic polarization (Fig. 3) . A further effect of this process is directly observed in the cathodic polarization curves in proximity of the corrosion potential; during the first few millivolt of cathodic polarization the propagation of the regions covered by dark corrosion products takes place at the expenses of the anodic regions. During this stage, the cathodic polarization resistance is comparatively low. Once all the anodic regions have been consumed and the electrode surface is entirely covered either by the residual air-formed film or the relatively thick dark corrosion product layer, hydrogen evolution becomes more difficult and a comparatively higher cathodic polarization resistance is observed. (Fig. 4a ) In the light of the qualitative mechanism proposed, it is possible to relate each element of the equivalent circuit proposed with a specific phenomenon taking place on the electrode surface during impedance measurement or potentiodynamic polarization. In Fig. 12a , the elements of the equivalent circuit are overlapped with the schematic of Fig. 11 (omitting the solution resistance). Two of the three capacitors, C AF and C OX account for the capacitive behaviour of the oxide/hydroxide films (air-formed and corrosion products film, respectively) present on the magnesium surface at any time. The two capacitors are connected in parallel by the electrolyte and by the metal and therefore cannot be distinguished by fitting the impedance data. For this reason, in the equivalent circuit used for the fitting these the two capacitances are grouped together in a single capacitor C ox .
Close to the corrosion front, the cathodic reaction of hydrogen evolution proceeds fast, due to either the absence, the reduced thickness or the non-protective nature of the forming corrosion product film. Across the interface where the cathodic reaction is taking place, charge separation is present at a substantially smaller scale compared to the regions supporting the air-formed film or a stable corrosion product film. In order to account for this, C DL is Fig. 11 . Qualitative model representing the corroding magnesium surface a) at the corrosion potential, b) during anodic polarization and c) during cathodic polarization. present in the equivalent circuit. In parallel with C DL , a charge transfer resistance R CT accounts for the process of electron transfer. As a result of the cathodic reaction, hydrogen (bubbles) and pH increase resulting in the possible precipitation of magnesium oxide/hydroxide gels take place, modifying locally the environment or the oxide properties above the active cathodic sites and a resistor R CP is needed to account for such phenomena. For similar reasons, a resistance R A is placed in series with the inductor L A representing the behaviour of the active anodic regions.
The inductive behaviour of the anodic regions deserves further clarification. Qualitatively, the key characteristic of an inductor is that it offers no electrical resistance at zero frequency, while it has infinite resistance at high frequency. However, there is no physical reason to assume that the rate of the anodic reaction should be frequency dependent. Thus, from the physical viewpoint, a resistor R A 0 must be present, in parallel with the L A , to account for the fact that the anodic reaction rate cannot decrease to zero during high frequency measurement. Indeed, using a circuit comprising R A 0 , produces a good fit of the experimental data, but the uncertainty on the values of the other resistances becomes very high. This is due to the fact that the values of R CP , R CT , R A are in the same order of magnitude and R A 0 is short-circuited by L A at low frequencies while R CT is short-circuited by C DL at high frequencies, and therefore it is difficult to distinguish their effects on the impedance spectra. From the corrosion prospective, however, the presence or absence of R A 0 is not a concern, since it is short-circuited by the inductor at low frequency.
In order to understand the nature of the inductance on the corroding magnesium electrode it is useful to consider the behaviour of an ideal inductor. An inductor can be seen as an electrical component that resists to a variation in current by producing a potential difference proportional to the derivative of the current, such as the potential difference across the inductor acts in the direction of opposing the current variation. Thus, increasing the current across an inductor, results in a positive potential. On the other hand, decreasing the current across an inductor, generates a negative potential. The sign of the potential is such as it contrasts the variation in current. If a sinusoidal perturbation is considered, at high frequency, the time derivative of the current is high; therefore the potential produced by the inductor is substantial. Vice versa, at low frequencies, the derivative of the current is low and the potential produced by the inductor is irrelevant.
Such behaviour can be readily translated to the anodic reaction occurring on a corroding magnesium electrode with reference to Figs. 11 and 12. At the corrosion potential, the area of the active anodic regions is limited by the rate of the cathodic reaction and it attains a relatively steady value. When a sinusoidal current perturbation (similar arguments apply for a potential perturbation, but it is easier to consider currents) is applied, the size of the active anodic region tends to increase, to balance the additional current provided by the external circuit (Fig. 11b ). If the increase in current is sufficiently slow, the active anodic region can propagate accordingly, and no additional overpotential is needed to sustain the increased current, since the actual current density on the active anodic regions is unchanged, due to propagation. This behaviour is similar to the behaviour of an inductor at zero frequency, i.e. the the current value has no effect on the potential. Generally, however, the propagation (or contraction) of the active anodic region is not instantaneous. As a consequence, a dependence of the potential response on the frequency of the sinusoidal current perturbation is observed. At high frequency, the area of the active anodic region cannot follow the fast current variations and, similarly to the case of the ideal inductor, a large over-potential is needed to accelerate the anodic reaction on the existing active anodic regions (i.e. increasing the current density on the available anodic regions). Again, this behaviour is similar to that of an inductor at high frequency. The diodes in Fig. 12a have been added to account (qualitatively) for the fact that the inductive part of the circuit relates to the anodic reaction and the capacitive part of the circuit relates to the cathodic reaction, and that the corrosion current flows in the direction indicated by the arrows. The presence of the diodes also accounts for the difference in slope of the anodic and cathodic potentiodynamic polarization curves in proximity of the corrosion potential. Additionally, it also accounts for the observation of King et al. [21] , who revealed an enhancement of the inductive behaviour when performing EIS on magnesium above the free corrosion potential and a suppression of the inductive behaviour when performing EIS below the free corrosion potential.
The experimental evidences obtained in this work can be interpreted on the basis of the above model. Firstly, the similarity in behaviour observed during anodic polarization for a dark electrode and a silvery electrode are discussed. According to the proposed model, the anodic current directly correlates with the area of the anodic regions which, at the free corrosion potential, is limited by the cathodic reaction; when anodic current is provided through the external circuit, the area of the anodic region adjusts to the external current, regardless of the pre-existing surface condition. As a consequence, the initial state of the surface does not affect substantially the anodic polarization response. The change in slope of the I/V curves in proximity of the free corrosion potential relates to the fact that, unlike for Tafel behaviour, the anodic reaction largely dominates on the cathodic reactions even for small anodic polarizations, due to the fact that the active anodic region rapidly adjusts to the total current available. For polarization in the cathodic direction, the passivation of the active anodic regions occurs rapidly ( Fig. 11c ) and therefore even a few millivolts below the free corrosion potential the cathodic reaction largely dominates on the anodic reaction. This behaviour is represented by the diodes in Fig. 12 .
The change of slope in the cathodic polarization curves (Fig. 3 ) can be explained similarly. At the free corrosion potential, the electrons generated at active anodic regions are balanced by those consumed at the active cathodic regions. The balance is perturbed by the cathodic polarization that results in increased availability of electrons that ultimately induces excess alkalinisation compared to free corrosion and consequent propagation of the dark corrosion product film (Fig. 11c ) faster than the propagation of the corrosion front. During the early stages of cathodic polarization, the propagation of the corrosion product film towards the active anodic regions is possible and the apparent resistance is relatively low. Once all the active anodic regions have been consumed (Fig. 11c ) the propagation is no longer possible and the apparent resistance increases (Fig. 3a) . This is confirmed by the observation that the dark regions do not propagate during cathodic polarization ( Fig. 4c ). After the propagation stage is finished, the cathodic reaction on the dark corrosion product film follows Tafel kinetics, possibly due to the fact that the limiting step is the charge transfer across the dark film.
Concerning the interpretation of the correlation between measured corrosion current and resistance values obtained from impedance measurement, the reduced scattering observed when considering the charge transfer and the series between charge transfer and corrosion products resistance (rather than the zerofrequency resistance) is due to the fact that the cathodic reaction provides the limiting step for corrosion propagation. Therefore the corrosion rate is directly proportional to the values of R CP and R CT . Indirectly, the values of R CP and R CT determine the value of R A , and therefore also the zero frequency resistance correlates well with the corrosion rate. However, due to the less direct dependence, the points in the plots for the determination of the apparent Stern-Geary coefficient appear more scattered. Based on these considerations, it appears that from the practical viewpoint, the most reliable estimation of the corrosion current from EIS data is likely to be provided considering the series of R CP and R CT (since these two values account for the rate-determining cathodic reaction) and using for the calculations the relevant value of apparent Stern-Geary coefficient (B = 253 mV).
Summary
The corrosion behaviour of magnesium has been investigated by potentiodynamic polarization and electrochemical impedance spectroscopy. Potentiodynamic polarization revealed significant deviations from linear behaviour in proximity of the corrosion potential, indicating the estimation of the corrosion current by using a Stern-Geary coefficient obtained from potentiodynamic polarization curves is not adequate. However, direct measurement of the corrosion current by hydrogen collection, performed simultaneously with EIS measurements, revealed that the reciprocal of the values of resistance estimated by EIS are linearly correlated with the corrosion current. The experimentally measured proportionality constant provides an 'apparent' Stern-Geary coefficient that can be used to evaluate the corrosion current from EIS data. From the value of the experimentally measured apparent Stern-Geary coefficient and of the cathodic Tafel coefficient, it is not possible to obtain a reliable value for the anodic Tafel coefficient, since magnesium corrosion doesn't follow Tafel's type kinetics.
Based on the behaviour observed during potentiodynamic polarization and on equivalent circuit analysis of EIS spectra, it can be concluded that corrosion proceeds by magnesium oxidation at active anodic regions. Where the air-formed oxide/hydroxide layer is disrupted, hydrogen evolves vigorously, increasing the pH and inducing the precipitation of magnesium hydroxide behind the corrosion front. Once the precipitated film is sufficiently thick, the rate of hydrogen evolution behind the corrosion front decreases. Corrosion proceeds by translation of the active anodic region towards the uncorroded silvery regions, which is followed by propagation of the dark regions. Application of an anodic (or cathodic) polarization results in faster (or slower) propagation of the active anodic region with respect to the propagation dark regions.
